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1 . Basis of the report 

a. With regard to the language, the international search was carried out on the basis of the international application in the 
language in which it was filed, unless otherwise indicated under this item. 



□ 



the international search was carried out on the basis of a translation of the international application furnished to this 
Authority (Rule 23.1 (b)). 



With regard to any nucleotide and/or amino acid sequence disclosed in the international application, the international search 

was carried out on the basis of the sequence listing : 

I I contained in the international application in written form. 

filed together with the international application in computer readable form. 



2. 
3. 



□ 
□ 
□ 
□ 

□ 

□ 
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furnished subsequently to this Authority in written form, 
furnished subsequently to this Authority in computer readble form. 

the statement that the subsequently furnished written sequence listing does not go beyond the disclosure in the 
international application as filed has been furnished. 

the statement that the information recorded in computer readable form is identical to the written sequence listing has been 
furnished 

Certain claims were found unsearchable (See Box I). 
Unity of invention is lacking (see Box II). 



4. With regard to the title, 

I I the text is approved as submitted by the applicant. 

[X] the text has been established by this Authority to read as follows: 

SYSTEM FOR NOX REDUCTION IN EXHAUST GASES 



5. With regard to the abstract, 

pT] the text is approved as submitted by the applicant. 

I I the text has been established, according to Rule 38.2(b), by this Authority as it appears in Box 111. The applicant may, 
' — ' within one month from the date of mailing of this international search report, submit comments to this Authority. 

6. The figure of the drawings to be published with the abstract is Figure No. 



I I as suggested by the applicant. \T\ None of the figures. 

I I because the applicant failed to suggest a figure. 

I I because this figure better characterizes the invention. 
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1 0/01/2000 with letter of 
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Claims, No.: 
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as received on 



1 0/01/2000 with letter of 



07/01/2000 



Drawings, sheets: 

1/4-4/4 as originally filed 

2. The amendnnents have resulted in the cancellation of: 

□ the description, pages: 

□ theclainns, Nos.: 

□ the drawings, sheets: 

3. □ This report has been established as if (some of) the annendments had not been made, since they have been 

considered to go beyond the disclosure as filed (Rule 70.2(c)): 



4. Additional observations, if necessary: 
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V. Reasoned statement under Article 35(2) with regard to novelty, inventive step or industrial 
applicability; citations and explanations supporting such statement 



1. Statement 



Novelty (N) Yes: Clainns 1-12 

No: Claims 

Inventive step (IS) Yes: Claims 1 -1 2 

No: Claims 

Industrial applicability (I A) Yes: Claims 1 -1 2 

No: Claims 



2. Citations and explanations 
see separate sheet 



VIII. Certain observations on the international application 

The following obsen/ations on the clarity of the claims, description, and drawings or on the question 
claims are fully supported by the description, are made: 

see separate sheet 
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INTERNATIONAL PRELIMINARY International application No. PCT/GB99/00292 
EXAMINATION REPORT - SEPARATE SHEET ^ 

The application relates to a SCR system for treating combustion exiiaust gas 
containing NO and particulates. 

According to claim 1 the SCR system includes an oxidation catalyst for converting NO 
to N02 , a particulate trap, injection means for injecting a reductant fluid and an SCR 
catalyst. 

By the claimed combination of features the conversion of NOx to N2 is increased and 
particulate and hydrocarbons are reduced. 

D1:EP-A-028391 3 discloses a similar apparatus which, however, does not include a 
particulate trap. 

D2:EP-A-0758713 discloses an oxidation catalyst for NO followed by filter trap for 
carbon particles and by a NOx reducing catalyst: The N02 produced in the oxidation 
catalyst is reduced by the trapped carbon to NO which is then reduced by the reducing 
catalyst to N2. 

Starting from D2 there is no incentive for the skilled person to introduce a reductant 
fluid since the N02 is reduced by the trapped carbon particles. 
Starting from D1 there is also no incentive to install a carbon particulate trap since the 
N02 is reduced by the added reductant fluid. 

Thus a combination of the teachings of D1 and D2 would lead the skilled person to 
either include a carbon particles trap or to add a reductant fluid but not to a combination 
of both these measures in the claimed manner. 
Claims 1-12 meet thus the requirements of Art. 33 PCT. 

In claim 1 the wording "at least a portion of NO in- the gas stream to N02" should be 
added after "convert". 
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The present invention concerns improvements in selective catalytic reduction of NOx 
in waste gas streams such as diesel engine exhausts or other lean exhaust gases such as from 
5 gasoline direct injection (GDI). 

EP 0 758 713 (Toyota) describes a method for purifying the exhaust gas of a diesel 

engine which uses a catalyst to convert NO in the exhaust gas to NO,, thereafter trapping 
particulate inaf,..erandoxidisingtheparticula.eby,eactionwi*theNO.-n.eexhaust gas 

,0 is thereafter fed to aNO. absorbent or. in one embodin,ent. to a NO. conversion catalyst 
Unbumt hydrocarbons and CO in the exhaust gas are .rapped in a zeolite and released to 
react with NO. on the NO. conversion catalyst. 

The technique named SCR (Selective Catalytic Reduction) is well established for 
,5 industrial plan, combustion gases, and may be broadly described as passing a hot exhaust 
gas over a catalys. in *e presence of a niuogenous reduCant especially a^moma or urea. 
This U effective to reduce .he NOx content of *e exhaus. gases b, about 20-25% a. *ou 
250-C or possibly nuher higher usingaplatinum catalyst, although platinum catalysts tend 

to oxi^seNH.to NOX duringhigher..mpera««operation.Webelieve that SCR systems 
20 havebeenproposedforNOx,eductionforvehicleengi„eexhaus.s.especially.argeorheavy 
duty diesel engines, but this does require on-board storage of such reductants. a™i .s not 
believed to have met with commercial acceptability at this t.me. 

We believe that if there could be a significant improvement in performance of SCR 
25 systems, ti-ey would find wider usage and may be in«oduced into vehicular appUc^ons^ 
,t is an aim of tite present invention to improve significantly the converston of NOx 
SCR system, and to improve the conti,,l of otiter pollutants using a SCR system. 

Accordingly, the present invention provides an improved SCR catalyst system^r 
30 treating combustion exhaust gas containing NO and particulates, comprising m combmation 
and in order, an oxidation catalyst effective to convenNO to NO, and enhance .he NO, 



content of the exhaust gas, a particulate filter, a source of reductant fluid, injection means 
for said reductant fluid located downstream of said particulate trap and an SCR catalyst. 

The invention further provides an improved method of reducing pollutants, including 
particulates and NOx in gas streams, comprising passing such gas stream over an oxidation 
catalyst under conditions effective to convert at least a portion of NO in the gas stream to 
NO, and enchance the NO, content of the gas stream, removing at least a portion of saxd 
particulates in a particulate trap, reacting trapped particulate with NO,, adding reductant 
fluid to the gas stream to form a gas mixture downstream of said trap, and passmg the gas 
mixture over an SCR catalyst. 

Although the present invention provides, at least in its prefenred embodiments, the 
opportunity to reduce very significantly the NO, emissions from the lean (high in oxygen) 
exhaust gases from diesel and similar engines, it is to be noted that the invention also 
permits very good reductions in the levels of other regulated pollutants, especially 
hydrocarbons and particulates. 

The invention is believed to have particular application to the exhausts from heavy 
duty diesel engines, especially vehicle engines, eg truck or bus engines, but is not to be 
regarded as being limited thereto. Other applications might be LDD (light duty diesel). GDI, 
CNG (compressed natural gas) engines, ships or stationary sources. For simplicity, however, 
the majority of this description concerns such vehicle engines. 

• If A th^t a "nre-oxidisine" step, wWch is not generally 
We have surpnsmgly found that a pre-oxiaismg 

consid^d necessa-y because of *e low content of CO and tmbumt fuel in diesel exhausts, 
is particularly effective in increasing flte conversion of NOx to N, by the SCR system, 
we also believe that ntinimising the levels of hydrocarbons in the gases may ass«. « the 
conversion of NO to NO,. This may be achieved catalytically and/or by engine des.gn or 
management. Desirably, the NO^^O ratio is adjusted according to the present inventton to 
the most beneficial such ratio for the particular SCR catalyst and CO and hydrocarbons are 
oxidized pHorto the SCR catalyst Thus, our preliminaryresults indicate that foratransmon 



# 




% 



• • • • 

• • • • 

• • • • 



• •• • - - 



metal/zeolite SCR catalyst it is desirable to convert all NO to NO,, whereas for a rare earth- 
based SCR catalyst, a high ratio is desirable providing there is some NO. and for other 
transition metal-based catalysts gas mixtures are notably better than either substantially only 
NO or NO,. Even more surprisingly, the incorporation of a particulate filter permits still 
higher conversions of NOx. 

The oxidation catalyst may be any suitable catalyst, and is generally available to 
those skilled in art. For example, a Pt catalyst deposited upon a ceramic or metal through- 
flow honeycomb support is particularly suitable. Suitable catalysts are e.g. Pt/A1203 
catalysts, containing l-150g Pt/tf (0.035-5.3g Pt/litre) catalyst volume depending on the 
N02/N0 ratio required. Such catalysts may contain other components providing there is a 
beneficial effect or at least no significant adverse effect. 

The source of reductant fluid conveniently uses existing technology to inject fluid 
into the gas stream. For example, in the tests for the present invention, a mass controller 
was used to control supply of compressed NH, which was injected through an annular 
injector ring mounted in the exhaust pipe. The injector ring had a plurality of injection ports 
arranged around its periphery. A conventional diesel fuel injection system including pump 
and injector nozzle has been used to inject urea by the present applicants. A stream of 
compressed air was also injected around the nozzle; this provided good mixing and cooling. 

The reductant fluid is suitably NH3, but other reductant fluids including urea, 
ammonium carbamate and hydrocarbons including diesel fuel may also be considered. 
Diesel fuel is. of course, carried on board a diesel-powered vehicle, but diesel fuel itself is 
a less selective reductant than NH3 and is presently not preferred. 

Suitable SCR catalysts are available in the art and include Cu-based and vanadia- 
based catalysts. A preferred catalyst at present is a vp/WO/TiO, catalyst, supported on 
ahoneycomb through-flow support Although such a catalyst has shown good performance 
in the tests described hereafter and is commerciaUy available, we have found that sustamed 
high temperature operation can cause catalyst deactivation. Heavy duty diesel engines. 



which are almost exclusively turbocharged, can produce exhaust gases at greater than 500°C 
under conditions of high load and/or high speed, and such temperatures are sufficient to 
cause catalyst deactivation. In one embodiment of the invention, therefore, cooling means 
is provided upstream of the SCR catalyst. Cooling means may suitably be activated by 
sensing high catalyst temperatures or by other, less direct, means, such as determining 
conditions likely to lead to high catalyst temperatures. Suitable cooling means include water 
injection upstream of the SCR catalyst, or air injection, for example utilising the engine 
turbocharger to provide a stream of fresh intake air by-passing the engine. We have 
observed a loss of activity of the catalyst, however, using water injection, and air injection 
by modifying the turbocharger leads to higher space velocity over the catalyst which tends 
to reduce NOx conversion. Preferably, the preferred SCR catalyst is maintained at a 
temperature from 160°C to 450 °C. 

We believe that in its presently preferred embodiments, the present invention may 
depend upon an incomplete conversion of NO to NO^. Desirably, therefore, the oxidation 
catalyst, or the oxidation catalyst together with the particulate trap if used, yields a gas 
stream entering the SCR catalyst having a ratio of NO to NO^ of from about 4:1 to about 1 :3 
by vol, for the commercial vanadia-type catalyst. As mentioned above, other SCR catalysts 
perform better with different NO/NO^ ratios. We do not believe that it has previously been 
suggested to adjust the NO/NO^ ratio in order to improve NOx reduction. 

The present invention incorporates a particulate trap downstream of the oxidation 
catalyst. We discovered that soot-type particulates may be removed from a particulate trap 
by "combustion" at relatively low temperatures in the presence of NOz- In effect, the 
incorporation of such a particulate trap serves to clean the exhaust gas of particulates without 
causing accumulation, with resultant blockage or back-pressure problems, whilst 
simultaneously reducing a proportion of the NOx. Suitable particulate traps are generally 
available, and are desirably of the type known as wall-flow filters, generally manufactiired 
from a ceramic, but other designs of particulate trap, including woven, knitted or non-woven 
heat-resistant fabrics, may be used. 
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It may be desirable to incorporate a clean-up catalyst downstream of the SCR 
catalyst, to remove any NH3 or derivatives thereof which could pass through unreacted or 
as by-products. Suitable clean-up catalysts are available to the skilled person. 

A particularly interesting possibility arising from the present invention has especial 
application to light duty diesel engines (car and utility vehicles) and permits a significant 
reduction in volume and weight of the exhaust gas after-treatment system, in a suitable 
engineered system. 

Several tests have been carried out in making the present invention. These are 
described below, and are supported by resuhs shown in graphical form in the attached 
drawings. 

A commercial 10 Utre turbocharged heavy duty diesel engine on a test-bed was used 
for all the tests described herein. 

Tt^t 1 - fCo mparative^ 

A conventional SCR system using a commercial Y,0,nf/0,mO, catalyst, was 
adapted and fitted to the exhaust system of the engine. NH3 was injected upstream of the 
SCR catalyst at varying ratios. The NH3 was supplied from a cylinder of compressed gas 
and a conventional mass flow controller used to control the flow of NH3 gas to an 
experimental injection ring. The injection ring was a 10cm diameter annular ring provided 
with 20 small injection ports aitanged to inject gas in the direction of the exhaust gas flow. 
NOx conversions were determined by fitting a NOx analyser before and after the SCR 
catalyst and are plotted against exhaust gas temperature in Figure I. Temperatures were 
altered by maintaining the engine speed constant and altering the torque applied. 

A number of tests were run at different quantities of NH3 injection, from 60% to 
100% oftheoretical, calculated at 1:1 NH3/NO and 4:3 NH3m02. It can readily be seen that 
at low temperatures, corresponding to light load, conversions are about 25%. and the highest 
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conversions require stoichiometric (100%) addition of NH3 at catalyst temperatures of from 
325 to 400°C, and reach about 90%. However, we have determined that at greater than 
about 70% of stoichiometric NH3 injection, NH3 slips through the SCR catalyst unreacted, 
and can cause further pollution problems. 



The test rig was modified by inserting into the exhaust pipe upstream of the NH3 
injection, a commercial platinum oxidation catalyst of 10.5 inch diameter and 6 inch length 
10 (26.67cm diameter and 15.24cm length) containing lOg Pt/ft^ (= 0.35gAitre) of catalyst 
volume. Identical tests were run, and it was observed from the results plotted in Figure 2, 
that even at 225°C, the conversion of NOx has increased from 25% to >60%. The greatest 
conversions were in excess of 95%. No slippage of NH3 was observed in this test nor in the 
following test. 



Test 3 



The test rig was modified further, by inserting a particulate trap before the NH3 
injection point, and the tests run again under the same conditions at 100% NH3 injection and, 
20 a space velocity in the range 40,000 to 70,000 hr"' over the SCR catalyst. The results are 
plotted and shown in Figure 3. Surprisingly, there is a dramatic improvement in NOx 
conversion, to above 90% at 225°C, and reaching 100% at 350''C. Additionally, of course, 
the particulates which are the most visible pollutant from diesel engines, are also controlled. 



25 Test 4 



An R49 test with 80% NH3 injection was carried out over a V205/W03n'iO2 SCR 
catalyst. This gave 67% particulate, 89% HC and 87% NOx conversion; the results are 
plotted in Figure 4. 
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Additionally tests have been carried out with a different diesel engine, and the excellent 
results illustrated in Test 3 and 4 above have been confumed. 



The results have been confirmed also for a non-vanadium SCR catalyst. 
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O.AIMS 



1 An improved SCR system for treating combustion exhaust gas containing NO and 
particulates, comprising in combination and in order, an oxidation catalyst effective to 
convert and enchance the NO, content of the exhaust gas, a particulate trap, a source of 
reductant fluid, injections means for such reductant fluid located downstream of sa.d 
particulate trap and an SCR catalyst. 



2. 



An SCR system according to claim 1, wherein the reductant fluid is NH3. 



3. An SCR system according to claim 1 or 2, wherein the oxidation catalyst is a 
platinum catalyst carried on a through-flow honeycomb support. 

An SCR system according to claims 1 ,2 or 3 wherein the particulate filter is a wall- 



4. 

5 flow filter. 



J- on,, on*, of the nreceding claims, comprising also 
5. An SCR system accordmg to any one 01 me prc^^ciu ^ 

means to cool gases upstream of the SCR catalyst. 
20 6 A« SCR system according^ claim 5, comprising also conttol means .uch*a, said 
^ cooling means is activated only when a high SCR catalyst temperati^e is detected or 
conditions are determined that arc expected «, lead to high catalyst temperances. 

7. AdieselengineprovidedwithanSCRsystemaccordingtoanyoneofclaitns I «35. 

8. Alightdu.ydieselengineaccording.oclaim6.«hereinthevolameofthe.^us, 
gas after-treatment system is reduced. 

, A method of reducing po.lutanU. including particulates and NOx, in gas s^am^ 

30 comprising passing such gas stream over an oxidation catalyst und« conditions effec^we to 
onlatlaportionofNOinthegasstreamtoNCanden^cetheNCcontentofthe 



m 




oo CO oo o o 



o o oo 
o o o 
o o o 

O 0 O 

o o o 
oo oo 

ooo oo 



o < 
o o 



gas stream , ..moving at leas, a portion of said particulates in a particulate trap, «ac.mg 
trapped particulate with NO,, adding reductan. fluid to the gas s«am to fonn a gas mc«ure 
downstream of said trap, and passing the gas mixture over an SCR catalyst under NOx 

reduction conditions. 

,0. A method according to dahn 9, wherein s>id gas stream is the exhaust 6om a diesel, 

GDI or CNG engine. 

11. A method according to claim 9 or 10, wherein the gases are cooled, if necessary, 
before reaching the SCR catalyst. 

n Amethodaccordingtoclaim 9. .0 or 11. wherein the NO «> NO, ratio in the ga^s 
isadjustedtoalevelpre-determinedtohe optimum ford. SCRcatalyst, by oxidattonofNO 

over an oxidation catalyst. 



PATENT COOPERATION TR 

PCT 



I HECD 2 2 MAY 2000 



i=0 



PCT 



INTERNATIONAL PRELIMINARY EXAMINATION REPORT 

(PCT Article 36 and Rule 70) 



Applicant's or agent's file reference 
A A 1389 PCT 


See Notification of Transmittal of International 
FOR FURTHER ACTION Preliminary Examination Report (Form PCT/IPEA/416) 


Intemationai application No. 
PCT/GB99/00292 


International filing date (day/month/year) 
28/01/1999 


Priority date (day/month/year) 
06/02/1998 


International Patent Classification (IPC) or nal 
B01D53/94 


ionat classification and IPC 


Applicant 

JOHNSON MATTHEY PUBLIC LIMITED COMPANY et al. 



1 . This international preliminary examination report has been prepared by this International Preliminary Examining Authority 
and is transmitted to the applicant according to Article 36. 

2. This REPORT consists of a total of 4 sheets, including this cover sheet. 

S This report is also accompanied by ANNEXES, i.e. sheets of the description, claims and/or drawings which have 
been amended and are the basis for this report and/or sheets containing rectifications made before this Authority 
(see Rule 70.16 and Section 607 of the Administrative Instructions under the PCT). 

These annexes consist of a total of 9 sheets. 



3. This report contains indications relating to the following "items: 

Basis of the report 
Priority 

Non-establishment of opinion with regard to novelty, inventive step and industrial applicability 
Lack of unity of invention 

Reasoned statement under Article 35(2) with regard to novelty, inventive step or industrial applicability; 
citations and explanations suporting such statement 
Certain documents cited 
Certain defects in the international application 
Certain observations on the International application 



1 




II 


□ 


111 


□ 


IV 


□ 


V 


IS 


VI 


□ 


Vlt 


□ 


VIII 





Date of submission of the demand 



04/09/1999 



Date of completion of this report 



1 8. 05. 00 



Name and mailing address of the International 
preliminary examining authority: 
European Patent Office 

D-80298 Munich 
Tel. +49 89 2399 - 0 Tx: 523656 epmu d 

Fax: +49 89 2399 - 4465 



Authorized officer 
Tragoustis, M 

Telephone No. +49 89 2399 8623 




Form PCT/IPEA/409 (cover sheet) (January 1994) 



f 



INTERNATIONAL PRELIMINARY 
EXAMINATION REPORT 



International application No. PCT/GB99/00292 



I. Basis of the report 

1 . This report has been drawn on the basis of (substitute sheets which have been furnished to the receiving Office in 
response to an invitation under Article 14 are referred to in this report as "originally filed'' and are not annexed to 
the report since they do not contain amendments.): 

Description, pages: 

1 .7 as received on 1 0/01/2000 with letter of 07/01/2000 
Claims, No.: 

1 _1 2 as received on 1 0/01/2000 with letter of 07/01/2000 
Drawings, sheets: 

1/4-4/4 as originally filed 

2. The amendments have resulted in the cancellation of: 

□ the description, pages: 

□ the claims, Nos.: 

□ the drawings, sheets: 

3. □ This report has been established as if {some of) the amendments had not been made, since they have been 

considered to go beyond the disclosure as filed (Rule 70.2(c)): 

4. Additional observations, if necessary: 



Form PCT/IPEA/409 (Boxes I-VIII, Sheet 1 ) (January 1994) 



INTERNATIONAL PRELIMINARY 
EXAMINATION REPORT 



International application No. PCT/GB99/00292 



V. Reasoned statement under Article 35(2) with regard to novelty, inventive step or industrial 
applicability; citations and explanations supporting such statement 



1. Statement 
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Claims 



1 



12 



Inventive step (IS) 
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Claims 
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Industrial applicability (lA) 
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Claims 
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2. Citations and explanations 
see separate sheet 

VIII. Certain observations on the international application 

The following observations on the clarity ot the claims, description, and drawings or on the question whether the 
claims are fully supported by the description, are made: 

see separate sheet 
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The application relates to a SCR system for treating combustion exhaust gas 
containing NO and particulates. 

According to claim 1 the SCR system includes an oxidation catalyst for converting NO 
to N02 , a particulate trap, injection means for injecting a reductant fluid and an SCR 
catalyst. 

By the claimed combination of features the conversion of NOx to N2 is increased and 
particulate and hydrocarbons are reduced. 

D1:EP-A-028391 3 discloses a similar apparatus which, however, does not include a 
particulate trap. 

D2:EP-A-075871 3 discloses an oxidation catalyst for NO followed by filter trap for 
carbon particles and by a NOx reducing catalyst. The N02 produced in the oxidation 
catalyst is reduced by the trapped carbon to NO which is then reduced by the reducing 
catalyst to N2. 

Starting from D2 there is no incentive for the skilled person to introduce a reductant 
fluid since the N02 is reduced by the trapped carbon particles. 

Starting from D1 there is also no incentive to install a carbon particulate trap since the 
N02 is reduced by the added reductant fluid. 

Thus a combination of the teachings of D1 and D2 would lead the skilled person to 
either include a carbon particles trap or to add a reductant fluid but not to a combination 
of both these measures in the claimed manner. 
Claims 1-12 meet thus the requirements of Art. 33 PCT. 

In claim 1 the wording "at least a portion of NO in the gas stream to N02" should be 
added after "convert". 
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The present invention concerns improvements in selective catalytic reduction of NOx 
in waste gas streams such as diesel engine exhausts or other lean exhaust gases such as from 
gasoline direct injection (GDI). 

The technique named SCR (Selective Catalytic Reduction) is well established for 
industrial plant combustion gases, and may be broadly described as passing a hot exhaust 
gas over a catalyst in the presence of a nitrogenous reductant, especially ammonia or urea. 
This is effective to reduce the NOx content of the exhaust gases by about 20-25% at about 
250 °C, or possibly rather higher using a platinum catalyst, although platinum catalysts tend 
to oxidise NH3 to NOx during higher temperature operation. We believe that SCR systems 
have been proposed for NOx reduction for vehicle engine exhausts, especially large or heavy 
duty diesel engines, but this does require on-board storage of such reductants, and is not 
believed to have met with commercial acceptability at this time. 

We believe that if there could be a significant improvement in performance of SCR 
systems, they would find wider usage and may be introduced into vehicular applications. 
It is an aim of the present invention to improve significantly the conversion of NOx in a 
SCR system, and to improve the control of other pollutants using a SCR system. 

Accordingly, the present invention provides an improved SCR catalyst system, 
comprising in combination and in order, an oxidation catalyst effective to convert NO to 
NO2, a particulate filter, a source of reductant fluid and downstream of said source, an SCR 
catalyst. 

The invention further provides an improved method of reducing NOx in gas streams 
containing NO and particulates comprising passing such gas stream over an oxidation 
catalyst under conditions effective to convert at least a portion of NO in the gas stream to 
NO2, removing at least a portion of said particulates, adding reductant fluid to the gas 
stream containing enhanced NO2 to form a gas mixture, and passing the gas mixture over 
an SCR catalyst. 
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Although the present invention provides, at least in its preferred embodiments, the 
opportunity to reduce very significantly the NO^ emissions from the lean (high in oxygen) 
exhaust gases fi-om diesel and similar engines, it is to be noted that the invention also 
permits very good reductions in the levels of other regulated pollutants, especially 
hydrocarbons and particulates. 



The invention is believed to have particular application to the exhausts from heavy 
duty diesel engines, especially vehicle engines, eg truck or bus engines, but is not to be 
regarded as being limited thereto. Other applications might be LDD (light duty diesel), GDI, 
CNG (compressed natural gas) engines, ships or stationary sources. For simplicity, however, 
the majority of this description concerns such vehicle engines. 

We have surprisingly found that a "pre-oxidising" step, which is not generally 
considered necessary because of the low content of CO and unbumt fuel in diesel exhausts, 
is particularly effective in increasing the conversion of NOx to by the SCR system. 
We also believe that minimising the levels of hydrocarbons in the gases may assist in the 
conversion of NO to NO2. This may be achieved catalytically and/or by engine design or 
management. Desirably, the NO2/NO ratio is adjusted according to the present invention 
to the most beneficial such ratio for the particular SCR catalyst and CO and hydrocarbons 
are oxidized prior to the SCR catalyst. Thus, our preliminary results indicate that for a 
transition metal/zeolite SCR catalyst it is desirable to convert all NO to NOj, whereas for 
a rare earth-based SCR catalyst, a high ratio is desirable providing there is some NO, and 
for other transition metal-based catalysts gas mixtures are notably better than either 
substantially only NO or NOj. Even more surprisingly, the incorporation of a particulate 
filter permits still higher conversions of NOx. 

The oxidation catalyst may be any suitable catalyst, and is generally available to 
those skilled in art. For example, a Pt catalyst deposited upon a ceramic or metal through- 
flow honeycomb support is particularly suitable. Suitable catalysts are e.g. Pt/A1203 
catalysts, containing l-150g Pt/ft^ (0.035-5.3g PtAitre) catalyst volume depending on the 
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N02/NO ratio required. Such catalysts may contain other components providing there is a 
beneficial effect or at least no significant adverse effect. 

The source of reductant fluid conveniently uses existing technology to inject fluid 
into the gas stream. For example, in the tests for the present invention, a mass controller 
was used to control supply of compressed NH3, which was injected through an annular 
injector ring mounted in the exhaust pipe. The injector ring had a plurality of injection ports 
arranged around its periphery. A conventional diesel fuel injection system including pump 
and injector nozzle has been used to inject urea by the present applicants. A stream of 
compressed air was also injected around the nozzle; this provided good mixing and cooling. 

The reductant fluid is suitably NH3, but other reductant fluids including urea, 
ammonium carbamate and hydrocarbons including diesel fuel may also be considered. 
Diesel fiiel is, of course, carried on board a diesel-powered vehicle, but diesel fuel itself is 
a less selective reductant than NH3 and is presently not preferred. 

Suitable SCR catalysts are available in the art and include Cu-based and vanadia- 
based catalysts. A preferred catalyst at present is a V205/W03/Ti02 catalyst, supported on 
a honeycomb through- flow support. Although such a catalyst has shown good performance, 
in the tests described hereafter and is commercially available, we have found that sustained 
high temperature operation can cause catalyst deactivation. Heavy duty diesel engines, 
which are almost exclusively turbocharged, can produce exhaust gases at greater than 500 °C 
under conditions of high load and/or high speed, and such temperatures are sufficient to 
cause catalyst deactivation. In one embodiment of the invention, therefore, cooling means 
is provided upstream of the SCR catalyst. Cooling means may suitably be activated by 
sensing high catalyst temperatures or by other, less direct, means, such as determining 
conditions likely to lead to high catalyst temperatures. Suitable cooling means include water 
injection upstream of the SCR catalyst, or air injection, for example utilising the engine 
turbocharger to provide a stream of fresh intake air by-passing the engine. We have 
observed a loss of activity of the catalyst, however, using water injection, and air injection 
by modifying the turbocharger leads to higher space velocity over the catalyst which tends 
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to reduce NOx conversion. Preferably, the preferred SCR catalyst is maintained at a 
temperature from leO'^C to 450°C. 

We believe that in its presently preferred embodiments, the present invention may 
5 depend upon an incomplete conversion of NO to NO^. Desirably, therefore, the oxidation 
catalyst, or the oxidation catalyst together with the particulate trap if used, yields a gas 
stream entering the SCR catalyst having a ratio of NO to NO2 of from about 4: 1 to about 1 :3 
by vol, for the commercial vanadia-type catalyst. As mentioned above, other SCR catalysts 
perform better with different NO/NO^ ratios. We do not believe that it has previously been 
10 suggested to adjust the NO/NO2 ratio in order to improve NOx reduction. 

The present invention incorporates a particulate trap downstream of the oxidation 
catalyst. We discovered that soot-type particulates may be removed from a particulate trap 
by "combustion" at relatively low temperatures in the presence of NO2. In effect, the 

1 5 incorporation of such a particulate trap serves to clean the exhaust gas of particulates without 
causing accumulation, with resultant blockage or back-pressure problems, whilst 
simultaneously reducing a proportion of the NOx. Suitable particulate traps are generally 
available, and are desirably of the type known as wall-flow filters, generally manufactured 
from a ceramic, but other designs of particulate trap, including woven knitted or non- woven 

20 heat-resistant fabrics, may be used. 

It may be desirable to incorporate a clean-up catalyst downstream of the SCR 
catalyst, to remove any NH3 or derivatives thereof which could pass through unreacted or 
as by-products. Suitable clean-up catalysts are available to the skilled person. 

25 

A particularly interesting possibility arising from the present invention has especial 
application to light duty diesel engines (car and utility vehicles) and permits a significant 
reduction in volume and weight of the exhaust gas after-treatment system, in a suitable 
engineered system. 

30 
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Several tests have been carried out in making the present invention. These are 
described below, and are supported by results shown in graphical form in the attached 
drawings. 

5 A commercial 10 litre turbocharged heavy duty diesel engine on a test-bed was used 

for all the tests described herein. 

Test 1 - (ComfpairatBve) 

10 A conventional SCR system using a commercial V205/W03/Ti02 catalyst, was 

adapted and fitted to the exhaust system of the engine. NH3 was injected upstream of the 
SCR catalyst at varying ratios. The NH3 was supplied from a cylinder of compressed gas 
and a conventional mass flow controller used to control the flow of NH3 gas to an 
experimental injection ring. The injection ring was a 10cm diameter armular ring provided 

15 with 20 small injection ports arranged to inject gas in the direction of the exhaust gas flow. 
NOx conversions were determined by fitting a NOx analyser before and after the SCR 
catalyst and are plotted against exhaust gas temperature in Figxure 1 . Temperatures were 
altered by maintaining the engine speed constant and altering the torque applied. 

20 A number of tests were run at different quantities of NH3 injection, from 60% to 

1 00% of theoretical, calculated at 1 : 1 NH3/NO and 4:3 NH3/NO2. It can readily be seen that 
at low temperatures, corresponding to light load, conversions are about 25%, and the highest 
conversions require stoichiometric (100%) addition of NH3 at catalyst temperatures of from 
325 to 400 ""C, and reach about 90%. However, we have determined that at greater than 

25 about 70% of stoichiometric NH3 injection, NH3 slips through the SCR catalyst unreacted, 
and can cause further pollution problems. 

Test 2 f Comparative^ 



30 



The test rig was modified by inserting into the exhaust pipe upstream of the NH3 
injection, a commercial platinum oxidation catalyst of 10.5 inch diameter and 6 inch length 
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(26.67cm diameter and 15.24cm length) containing lOg Pt/ft"^ (= 0.35g/litre) of catalyst 
volume. Identical tests were run, and it was observed from the results plotted in Figure 2, 
that even at 225 °C, the conversion of NOx has increased from 25% to >60%. The greatest 
conversions were in excess of 95%. No slippage of NH3 was observed in this test nor in the 
5 following test. 

The test rig was modified further, by inserting a particulate trap before the NH3 
1 0 injection point, and the tests run again under the same conditions at 1 00% NH3 injection and 
a space velocity in the range 40,000 to 70,000 hr'^ over the SCR catalyst. The results are 
plotted and shown in Figure 3. Surprisingly, there is a dramatic improvement in NOx 
conversion, to above 90% at 225 °C, and reaching 100% at SSO^'C. Additionally, of course, 
the particulates which are the most visible pollutant from diesel engines, are also controlled. 

15 

Test 4 

An R49 test with 80% NHS injection was carried out over a V205AV03/Ti02 SCR 
catalyst. This gave 67% particulate, 89% HC and 87% NOx conversion; the results are 
20 plotted in Figure 4. 



Additionally tests have been carried out with a different diesel engine, and the excellent 
results illustrated in Test 3 and 4 above have been confirmed. 



25 



The results have been confirmed also for a non- vanadium SCR catalyst. 
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CLAIMS 

1 , An improved SCR system for treating combustion exhaust gas containing NO and 
particulates, comprising in combination and in order, an oxidation catalyst effective to 

5 convert at least a portion of NO in said NOx to NO2, a particulate trap, a source of reductant 
fluid and an SCR catalyst. 

2. An SCR system according to claim 1 , wherein the reductant fluid is NH3. 

10 3. An SCR system according to claim 1 or 2, wherein the oxidation catalyst is a 
platinum catalyst carried on a through-flow honeycomb support. 

4. An SCR system according to claims 1,2 or 3 wherein the particulate filter is a wall- 
flow filter. 

15 

5. An SCR system according to any one of the preceding claims, comprising also 
means to cool gases upstream of the SCR catalyst. 

6. An SCR system according to claim 5, comprising also control means such that said 
20 gas cooling means is activated only when a high SCR catalyst temperature is detected or 

conditions are determined that are expected to lead to high catalyst temperatures. 

7. A diesel engine provided with an SCR system according to any one of claims 1 to 5. 

25 8. A light duty diesel engine according to claim 6, wherein the volume of the exhaust 
gas after-treatment system is reduced. 

9. A method of reducing pollutants, including particulates and NOx, in gas streams, 
comprising passing such gas stream over an oxidation catalyst imder conditions effective to 
30 convert at least a portion of NO in the gas stream to NO2, removing at least a portion of said 
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10 



particulates, adding reductant fluid to the gas stream containing enhanced NO2 to form a gas 
mixture, and passing the gas mixture over an SCR catalyst under NOx reduction conditions. 

1 0. A method according to claim 9, wherein said gas stream is the exhaust from a diesel, 
GDI or CNG engine. 

11. A method according to claim 9 or 10, wherein the gases are cooled, if necessary, 
before reaching the SCR catalyst. 

12. A method according to claim 9, 1 0 or 1 1 , wherein the NO to NO2 ratio in the gases 
is adjusted to a level pre-determined to be optimum for the SCR catalyst, by oxidation of NO 
over an oxidation catalyst. 
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